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ABSTRACT

Fibres made from different nanostructured carbons (carbon black (CB)), carbon nanotubes
(CNT) and CB/CNT were successfully developed by wet-spinning. The variation of
dispersion conditions (carbon nanomaterial concentration, dispersant/Carbon nanomaterial
concentration ratio, CB/CNT concentration ratio, pH) resulted in different electrochemical
performance for each type of fibres. Fibres with the best capacitance values (10 F g*) and
good cycling stability (89%) were obtained from fibres containing 10% carbon black and
90% carbon nanotubes. A solid-state supercapacitor was fabricated by assembling the
CB/CNT fibres resulting in 9.2 F g™ electrode capacitance. Incorporation of 0.2 wt.%
birnessite-type potassium manganese oxide nanotubes dramatically increased the capacitance
of the fibres up to 246 F g™ due to the high specific capacitance of birnessite phase and the

tubular nature of the nanomaterial.

Keywords: carbon nanomaterials, birnessite MnO, nanotubes, wet-spinning, flexible fibre,

solid-state supercapacitor
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1. Introduction

Flexible and wearable electronic devices have recently attracted a great deal of interest for
their potential application in personal electronics or healthcare, including roll-up and
bendable displays, portable electronic papers, sensors and actuators [1-4]. Moreover, the
energy storage devices that power such devices should also be flexible and wearable for truly
real applications. Among the different energy storage devices, electrochemical fibre-shaped
supercapacitors are increasingly investigated due to their excellent electrochemical
performance (high power density, long cycle life, fast charge-discharge rate [5-7]) as well as
their flexible and lightweight nature showing promising possibilities to fully integrate them in

portable electronic devices [8,9].

The development of fibre-based supercapacitors has been mainly focused on novel electrode
materials as they have a clear impact on the electrode performance [10,11]. In general, carbon
nanomaterials (NM) — carbon nanotubes, graphene — have been widely used as electrodes in
supercapacitors because of their large surface area and excellent electrochemical and
electrical properties (that permits fast charge transport) [12,13] as well as their high
mechanical strength and low density. However due to the limited capacitance values of
carbon NM in addition to low production rates and high cost [14,15], most of the studies has
focused on the preparation of multi-component composite fibres showing enhanced
properties. For example, carbon-carbon composite fibres — CNT/graphene, CNT/mesoporous
carbon particles — have better energy storage properties over their single component
counteparts [8,16-18]. On the other hand, combining transition metal oxides (i.e. manganese,
cobalt, nickel, vanadium or molybdenum oxides) as energy storage pseudocapacitive
materials (high capacitance) with carbon nanomaterials (electrical conductivity) results in an
excellent performance of electrodes and devices due to the synergistic effect between them
[14]. Among the metal oxides under investigation, MnO; is one of the most promisings not
only because of their high theoretical specific capacitance (up to 1370 F g™) but also because
of their low cost and toxicity and high natural abundance [19,20]. Moreover, MnO; has the
advantage that it can be synthesized with a variety of phases and morphologies with different

specific surface areas and therefore different specific capacitances [21,22].

Examples of multimaterial fibres for electrodes have been proposed in earlier works. Xiao et
al. [23] fabricated a MnO,-cabon core-shell fibre after immersing the carbon fibre into a
KMnO4/Na,SO, solution allowing the deposition of MnO, onto the carbon. Lu et al. also
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obtained a core-shell fibre by electrodepositing MnO, onto a carbon nanotube fibre [24]. Or
Gao et al. synthesized fibres based on carbon/Ni/carbon/Ni-Co double hydroxide layers.
These multilayered fibres were obtained by very complicated procedures (more than 10 steps
were required) [25]. Even though the multimaterial fibres showed good electrochemical
performance, the core-shell structure limits the active material loading (up to day loading is
restricted to <20wt.%) [26] as high thick shells reduce the accessible surface area and the
bulk fibre core neither participates in the electrochemical charge/discharge process.
Moreover, multistep synthesis procedures hinder the industrial scale preparation of the fibres

and therefore practical engineering applications.

Recently the technique of wet-spinning has emerged as a promising method to develop fibre
electrodes (e.g. PEDOT:PSS fibres, CNT and graphene fibres) for wearable electronics
[27,28]. This technique, which allows the preparation of fibres with highly aligned
nanomaterials, maintains the interesting properties of nanomaterials in the bulk and is a

straightforward and scalable method to prepare flexible fibres in a continuous way [29,30].

Thus, in this work we are facing the electrode development from a two-perspective approach:
selection of the different materials to accomplish a specific role in the fibre and wet-spinning
as a suitable method for the macroscale assembly of the different nanomaterials into
continuous fibres. On one hand, we have selected carbon black and carbon nanotubes as the
electrically conductive network for fast electronic transport. Moreover, the different aspect
ratio of both nanomaterials will help having a more open structure and therefore a higher
surface access for the electrolyte. Birnessite MnO, nanotubes (MnO, NT) were incorporated
into the fibre because of the enhanced specific capacitance of the birnessite phase together
with the potential increase in the specific capacitance associated with nanotubes. Birnessite is
a layered manganese oxide type (ideal formula MosMnO,.xH,0, in this study M = K) with
alkali metal ions and water of hydration between manganese oxide layers. The thinness of
birnessite platelets allows access to almost all of the bulk MnO,, meaning that close to 100%
is at the surface, reason why birnessite has high specific capacitance [31-33]. Finally,
chitosan was selected as the fibre matrix. Chitosan swells in water facilitating the ion
transport within the fibre and therefore enhancing the electrochemical utilization of birnessite
MnO; NT. On the other hand, the multimaterial fibres will be prepared by wet-spinning in a
one step process. Therefore, the development of wet-spun multimaterial fibre electrodes for

supercapacitors is still challenging.
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The overall aim of the present work is the preparation of CB/CNT/MnO;, NT fibres by a one-
step wet-spinning process. First, CB, CNT and CB/CNT fibres will be studied and optimized
to serve as the electrically conductive network and the current collector. The influence of the
carbon nanomaterial employed and the dispersion conditions (pH, carbon NM concentration,
surfactant/carbon NM ratio, CB/CNT concentration ratio) on the electrochemical properties
of the fibres were studied. Subsequently the incorporation of birnessite nanotubes into the

fibres was studied and optimized in order to improve fibre capacitance.

2. Experimental section
2.1. Materials

Carbon black and multiwall carbon nanotubes were purchased from Timcal Graphite &
Carbon and Nanocyl, respectively. The characteristics of the carbon nanomaterials are found
in Table 1. More detailed properties and characteristics can be found in the suppliers’
technical data sheets and/or other published papers [34-37]. Chitosan powder, acetic acid
(CH3COOH) (99.8%), sodium dodecylbenzenesulfonate (SDBS), potassium chloride (KCI),
phosphate buffered solution (PBS), hydrochloric acid (HCI), potassium permanganate
(KMnQy), potassium hydroxide (KOH) and 1-hexadecylamine (CH3(CH2)1sNH, were
obtained from Sigma Aldrich.

Table 1. Summary of the CNT and carbon black characteristics supplied by the

manufacturers.
Carbon nanomaterial Product name Diameter (nm) Length (um) Structure
Carbo nanotube Nanocyl™ NC7000 9.5 1.5 Amorphous
Carbon black Super P Carbon black 30-40 Amorphous

Birnessite (potassium manganese oxide) nanotubes were synthesized through a templated
hydrothermal route according to [32]. Briefly, KMnO,4 was added to KOH and stirred (15
min) before adding 1-hexadecylamine template. The slurry was transferred to a steel
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autoclave and heated to 150°C under autogenous pressure for 2 days with constant stirring
before allowing the reaction to cool slowly to room temperature. The resultant material was
thoroughly washed with water until pH=7 and refluxed in ethanol saturated with NaCl until
removal of the hexadecylamine template.

2.2. Fabrication of multimaterial fibres and quasi-solid-state supercapacitor

Fibres were prepared by wet spinning. Briefly, wet spinning involves the dispersion of
functional materials in a fluid, which is extruded through a spinneret into a coagulation bath,
causing the fibre to precipitate and solidify. Four different dispersions were prepared
containing: (i) CB, (ii) CNT, (iii) CB/CNT and (iv) CB/CNT/birnessite MnO; nanotubes. The
concentration of the carbon nanomaterials was varied from 0.1 wt.% to 1 wt.% and the
birnessite content from 0.1 wt.% to 0.4 wt.%. The concentration of the dispersant (sodium
dodecylbenzenesulfonate (SDBS)) was altered according to the concentration of the
functional nanomaterials to have SDBS/functional nanomaterials ratios between 0.5 and 2.
The dispersions were sonicated in a horn sonicator for 30 min. The amplitude, power and
frequency were 30 %, 500 W and 20 kHz respectively. The dispersions were injected through
a needle (14 gauge) at an injection rate of 10 ml/min. The coagulation bath was an agqueous
solution containing 0.5 wt.% chitosan and 0.5 wt.% acetic acid. The coagulation bath was
rotated at 50 rpm in order to obtain continuous fibres. Fibres were rinsed in deionized water

and then dried in air under tension.

The quasi-solid-state supercapacitors were prepared by coating two fibres with a gel
electrolyte (PVA-H3PO, 1:10), twisting them and drying at room temperature. Finally, the
twisted fibres were coated again with the gel electrolyte. The electrochemical experiments

were carried out connecting the two fibres with the electrical wires through metallic tweezers.

2.3. Equipment

A 5 ml syringe with a detachable needle (14 gauge) controlled by a syringe pump (KDS
Scientific-100) was used to inject the dispersion to the coagulation bath. Fibre morphology
was evaluated using a JEOL USA JSM-7100F Analytical Field Emission Scanning Electron

Microscope (SEM). Samples were mounted on a stainless steel stub and connected to it using
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silver paint. Energy dispersive spectroscopy (EDS) mapping was performed with the same
scanning electron microscope. Raman spectroscopy of the fibres was measured using a
Renishaw Systems 2000 Raman Microscope. A 514 nm green laser was used and the
measurements performed at 50x magnification. Electrical conductivity was evaluated by the
four-probe method, where a constant current was applied and the resultant voltage measured

by a Keithley 2001 multimeter.

Electrochemical measurements (cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD)) were performed using a Gamry Reference 600 and eDAQ potentiostat EA161 and
eDAQ e-recorder 410. A conventional three-electrode cell was used for CV and GCD, with
conducting fibres as working electrode, Ag/AgCI/KCI (3M) reference electrode and platinum
mesh counter electrode. The electrolytes employed were 0.01 mol dm™ PBS (phosphate
buffered saline) and 0.1-0.5 mol dm™ KCI solutions for cyclic voltammetry and GCD
experiments respectively. We selected neutral electrolytes because according to J.-G. Wang
et al. [22] acidic or alkaline electrolytes show some disadvantages like dissolution of MnO,
(in acid solutions) or the formation of the insulating Mn(OH), in alkaline electrolytes, both

phenomena hindering the applicability of the supercapacitors.

In all CV experiments, potential was scanned from 0 to 0.8 V with various scan rates (5-100
mV s). For GCD, current density was varied from 0.5 to 10 A g*. The gravimetric
capacitance of the fibres was calculated from GCD curves recorded in a three-electrode

system using equation (1):

Ity

C= 1)

m AV

where 1, t3, m and 4V are the applied current, the discharge time, the total mass of the fibre

and the potential window, respectively.

On the other hand, when evaluating the gravimetric capacitance of the solid-state
supercapacitor (2-electrode system), we can differentiate between cell capacitance (Ccey) or
electrode capacitance (Ceec). Cell capacitance is obtained using the same equation than
before:

Itg
m AV
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but in this case, m is the total mass of the two electrodes. Electrode capacitance is related

with cell capacitance in the two-electrode configuration by the following equation [14]:
Celect = 4 Ccell

The mass of each fibre was determined using a Sartorius MC5 microbalance.

3. Results and discussion

First, a range of optimisation studies were performed (variation of dispersion pH, carbon NM
concentration, SDBS/ carbon NM concentration ratio and CB/CNT concentration ratio) to
determine the best dispersion characteristics for fibre spinning. Table 2 summarises the
conditions of pH and total carbon concentration conducive to spinning CB or CNT fibres. As
it can be observed, for low CB concentration (0.1 wt.%) we only obtained fibres at pH=1.5,
while no fibres were obtained at higher pH values. However, as the CB content increases to
0.5 wt.% fibres were obtained in the whole pH range studied. A further increase in the CB
concentration led to the formation of aggregates in the dispersions independently of the pH.
Therefore, these dispersions were discarded as aggregates would prevent fibres having a
higher surface area for energy storage. On the other hand, CNT fibres were easily obtained
for a CNT concentration of 0.1 wt.% and independently of the dispersion pH. Higher CNT
contents led to the formation of aggregates and therefore these dispersions were also
discarded. Based on these results, we selected 0.5 wt.% as the concentration to prepare CB
fibres and 0.1 wt.% for CNT fibres. Finally, no great influence of SDBS concentration on

spinnability was observed.

Table 2. Summary of the conditions, in terms of carbon nanomaterial concentration and pH,

which allowed fibre formation.
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pH

Carbon nanomaterial

Cansaniration Fibre 1.5 2.5 3.5 4.5
0.1wt.% CB fibre v X X
0.5wt.% CB fibre v v v v
1 wt.% CB fibre Aggregates Aggregates Aggregates Aggregates
0.1 wt.% CNT fibre v v v v
0.5 wt.% CNT fibre  Aggregates Aggregates Aggregates Aggregates
1 wt.% CNT fibre  Aggregates Aggregates Aggregates Aggregates

Cyclic voltammetry was subsequently used to characterize the CB and CNT fibres prepared
from 0.5 wt.% CB and 0.1 wt.% CNT dispersions respectively at the different pH values (1.5-
4.5) and different SDBS/carbon NM ratios (0.5-2). Figure 1A,B shows the influence of the
pH on the charge storage ability of the CB and CNT fibres. As we can observed for CB
fibres, the lower the pH the more square the cyclic voltammetry, obtaining higher energy
storage at pH 1.5. The repulsion between nanoparticles at more acidic pH’s due to the
adsorption of protons onto the carbon nanomaterials, favours more disperse solutions which
translates into improved fibre properties. In contrast, cyclic voltammetries of CNT fibres are
very similar in the pH range 1.5-3.5, starting losing the square shape at pH > 4.5. Comparing
CB and CNT fibres, the latter show higher current values (because the better electrical

conductivity of CNT) and therefore, higher energy storage capacity.

After that, the influence of the SDBS content in the electrochemical performance of the wet-
spun CB or CNT fibres was investigated, while maintaining the dispersion pH at 1.5. Thus,
the SDBS/carbon nanomaterial ratio was modified from 0.5 to 2 in the dispersions containing
only CB (0.5 wt.%) or CNT (0.1 wt.%). For CB (Fig. 1C), the increase in SDBS content up to
0.75 wt.% (SDBS/CB ratio = 1.5) enhances the current and the square shape of the cyclic
voltammograms of CB fibres. Beyond this ratio, a further increase in SDBS content leads to a
decrease in the electrochemical performance of the resulting fibre. The same trend is

observed in CNT (Fig. 1D). As SDBS content increases, carbon nanomaterials are better
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dispersed into the fibre resulting in a higher energy storage capacity; however, ratios higher
than 1.5 reduces the capacitance as a result of a non-conductive wrapping of the carbon
nanomaterials by SDBS. The optimum SDBS/carbon NM concentration ratio is 1.5 for both
CB and CNT fibres. In summary, the optimum dispersions conditions leading to the best
electrochemical performance are: (A) CB dispersions: 0.5 wt.% CB, pH 1.5 and SDBS /CB
concentration ratio of 1.5 and (B) CNT-dispersions: 0.1 wt. % CNT, pH 1.5 and SDBS/CNT

concentration ratio of 1.5.

We have also observed that replacement of some of the CNT content by CB enhanced the
electrochemical performance. Thus, we prepared fibres containing different CB/CNT
concentration ratios and studied their influence on the electrochemical properties of the
fibres. The total concentration of the carbon nanomaterials in the dispersion was kept
constant at 0.1 wt.% in order to avoid CNT agglomeration observed at higher concentrations.
Within this total 0.1 wt.% the ratio of carbon black to CNT was varied preparing in total 7
different dispersions (Table 3). SEM micrographs of the as-spun fibre electrodes are shown in
Fig. 2. SEM analyses of the cross-sections show the elliptical shape of the fibres with
diameters in the range 30-35 pm independently of the fibre composition. Moreover, both
nanomaterials can be clearly observed within the core of the fibre and surrounded by a
chitosan polymer outer shell. Changing the dispersion composition results in fibres with
different CB/CNT ratio inside the fibre. Thus, the higher the CNT content in the dispersion,
the higher the CNT content in the fibre (Fig. 2E-H). Close inspection of the cross-sections
allows observing a homogeneous distribution of the nanomaterials, suggesting they were well
dispersed in solution. Moreover, CNT are oriented along the longitudinal axis of the fibre as a
result of the wet-spinning process. Finally, rough surface corrugations were also observed

parallel to the fibre axis.

Table 3. Composition of the dispersion used to wet-spun CB/CNT fibres and total percentage

of the carbon nanomaterials into the dispersion.

Fibre  CB content (wt.%) CNT content (Wt.%) % CB % CNT

I 1.00 0.00 100% 0%
I 0.09 0.01 90% 10%
Il 0.07 0.03 70% 30%
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v 0.05 0.05 50% 50%

\Y 0.03 0.07 30% 70%
VI 0.01 0.09 10% 90%
Vil 0.00 0.10 0% 100%

The electrical conductivity of the fibres was also measured by the four-point probe method.
Figure 3 shows the electrical conductivity values for the single and composite fibres.
Increasing the CNT content into the fibres increased the electrical conductivity from 4.4 S
cm™ (100% CB) up to 14.7 S cm™ (10% CB/90% CNT). 100% CNT fibres showed a lower
conductivity value (10.4 S cm™). This result suggests that carbon black particles act as an
effective dispersant for CNTSs creating a better electrically conductive network than in either
CB or CNT fibres. Similar synergies have been observed previously for graphene oxide-CNT
hybrid materials [38].

Figure 4A illustrates the evolution of the cyclic voltammograms of the CB/CNT composite
fibres together with those for CB (Fibre 1) and CNT fibres (Fibre VII). As it can be observed,
increasing the CNT content in the composite fibres increased the current in the cyclic
voltammetry, fibres I11-VI having higher values than those recorded for the single one
component fibres. A concurrent improvement in voltammogram shape towards the ideal
rectangle is also observed. Carbon particles act as spacers to create gaps between the CNTs
resulting in a higher surface area and therefore, better capacitance results. These results agree
with the trend previously observed for the electrical conductivity of the fibres. Moreover, an
incipient increase in the current around 0.8 V was observed for Fibre VI probably attributed

to faradaic reactions.

GCD experiments in a three-electrode system were performed to quantify the capacitance of
CB, CNT and CB/CNT composite fibres. First, we employed PBS as electrolyte; however
due to the low capacitances measure we tried different common neutral electrolytes (Na,SO,,
(NH,).SO,4 and KCI). Among them, 0.5 M KCI led to obtain better capacitance values. GCD
curves are almost symmetrical indicating a nearly ideal capacitive behaviour of all fibres
(Fig. 4B). All fibre types show a voltage drop that is higher in CB (0.4 V) than in CNT (0.09
V) and CB/CNT fibres (0.04-0.07 V). This is expected since this voltage drop is associated
with the internal resistance of the electrode, and CB fibres exhibit the lowest electrical

conductivity. The voltage drop is dramatically reduced in CNT and even more in CB/CNT
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fibres (with CNT contents higher than 70%), attributed to the higher electrical conductivity of
CNTs and it is further increased by CB acting as an electrical contact between CNTs. The
gravimetric capacitances calculated from the GCD curves are shown in Fig. 4C. The charge
storage mechanism of these fibres is electrochemical double layer capacitance, which is
based on the interfacial double-layer of high specific area carbons [38,39]. Replacing part of
the CNT content with CB increased the capacitance of these fibres by up to a factor of 2.5 in
Fibre VI. Two main effects can explain the improved electrochemical performance of the
composite fibres: (i) mixing two nanomaterials with different aspect ratio results in fibres
with more open structures, facilitated by CB dispersing the CNTs and yielding higher
electrochemical surface area and (ii) the higher electrical conductivity of the composites
fibres. GCD experiments over 10000 cycles were also performed to evaluate fibre life time
(Fig. 4C). While capacitance retention of CB was reduced to 50%, those from CNT and
CB/CNT fibres were 80% and 81-93% respectively. These results reflect a good
electrochemical stability and a high degree of reversibility of the CB/CNT fibres.

As a proof of concept, a solid-state supercapacitor was prepared by intertwining two 10%
CB/90% CNT fibres previously coated with a gel electrolyte (PVA-H3PO,). These fibres
were chosen because they showed the best electrochemical performance among all the fibres.
Figure 5A shows a picture of the supercapacitor (straight and bend positions) and a SEM
image of the two electrodes coated with the gel electrolyte. The CV curves are symmetrical
and almost rectangular in shape even at 100 mV s™ indicating good reversibility (Fig. 5B),
and GCD curves show a triangular shape indicating good charge transport between the
electrodes (Fig. 5C). A higher voltage drop (0.14V) than that measured for the 3-electrode
system is observed which is attributed to the higher electrical resistivity of the gel electrolyte
compared to the liquid electrolyte. The calculated cell and electrode capacitances of the
device were 2.3 and 9.2 F g™ respectively. The electrode capacitance is slightly lower than in
liquid electrolyte and is attributed to a reduced ionic mobility within the gel electrolyte. The
electrochemical performance of the supercapacitor was not affected during mechanical
bending; the CV and GCD curves for straight and bent positions are very nearly identical.
Thus, 10% CB/90% CNT fibres are promising candidates for current collectors or active
charge storage electrodes due to the good conductivity and the nano-network structure.
Moreover, up to 10% CNT can be replaced by a less expensive material like CB (approx. 1
euro kg™) [20] leading to a reduction in the total cost of the supercapacitor. However, the
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capacitance values and coulombic efficiency (around 50%) still remain low in comparison to
other reported fibres [40,41].

In order to enhance the electrochemical performance, fibres were modified by incorporating
birnessite-type manganese dioxide nanotubes. On one hand, MnO, is one of the most
promising pseudocapacitive materials with high theoretical specific capacitance (1370 F g™),
high natural abundance, low toxicity and low cost [42,43]. On the other hand, some birnessite
MnO, materials have shown high specific capacitances at a relatively low specific surface
area. This is a result of the thinness of birnessite platelets allowing access to almost all of the
bulk MnQO,, effectively meaning that close to 100% is at the surface [31]. However, the poor
electrical conductivity of MnO, could hinder its use [42,43]. Therefore, in this work we have
incorporated birnessite nanotubes into the previously developed fibres in order to improve
their electrochemical performance. While CB and CNT will confer electrical conductivity to
the composite fibre, MnO, nanotubes will enhance fibre capacitance because the high energy
storage capacity of the birnessite phase previously mentioned together with the potential

increase in capacitance associated with nanotubes.

Birnessite MnO, nanotubes were synthesized according to [32]. Initially, 0.1 wt.% MnO, NT
were added to the previously optimized CB/CNT dispersion resulting in: 0.01wt.% CB, 0.09
wt.% CNT, 0.1 wt.% MnO;, NT, pH = 1.5, SDBS/(CB-CNT-MnO; NT) ratio = 1.5. We found
this solution was not spinnable probably due to the instability of MnO, at pH=1.5 [44].
However, we were able to synthesise fibres from dispersions with pH in the range from 2.5 to
6.5. Figure 6 shows SEM images of fibre cross-sections and fibre surface after MnO,
nanotubes incorporation. It is clear from the images that the MnO, nanotubes are
incorporated into the fibre core together with CB and CNT and surrounded by chitosan shell.
The arrows and the dashed circle in Fig. 6B point towards the different nanomaterials. On the
other hand, no noticeable differences are observed in the fibre surface after MnO, NT

incorporation, observing corrugation as in CB/CNT fibres.

The spatial distribution of the C, Mn and O in the fibre cross-sections was analysed using
energy dispersive spectroscopy (EDS) coupled to SEM (Fig. 7A). It is clear from the
elemental mapping that the fibres prepared from birnessite-containing dispersions have
manganese in addition to carbon from the carbon nanomaterials and the chitosan shell. An
homogeneous distribution of the carbon nanomaterials and MnO, NT is inferred from EDS

mapping images.
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Raman spectroscopy was useful to univocally detect the presence of the different
nanomaterials into the fibre. The Raman spectra of CB/CNT and CB/CNT/MnO, NT fibres
are seen in Fig. 7B. The CB/CNT fibre exhibited two strong peaks at 1340 cm™ and 1570 cm’
! attributed to the D and G bands of carbon-based materials respectively (Fig. 7B, curve a).
After the incorporation of the MnO, nanotubes, several peaks appeared in the 200-900 cm™
range, region where manganese oxide peaks are expected (Fig. 7B, curve b). This region is
dominated by peaks at 643, 584 and 481 cm™ which are assigned to the stretching mode of
MnQOg octahedra [45,46]. These results are consistent with the presence of birnessite MnO;
and are in agreement with previous reports [32,47]. We do not observe peaks corresponding
to chitosan as Raman signal is much lower than for carbon nanomaterials and MnO,

nanotubes.

To evaluate the electrochemical performance of the birnessite MnO,-containing fibres
prepared from dispersions containing 0.1 wt.% MnO, NT at different pH’s, we first
performed galvanostatic charge-discharge measurements in a three-electrode system. As it
can be observed in figure 8A, fibre capacitance increases as the dispersion pH increases,
obtaining the highest capacitance value at pH=5.5. No great differences are observed when
the pH is increased to 6.5. This increase in capacitance from pH = 2.5 to 5.5 may be
attributed to the higher contribution of MnO, because of the higher stability in less acid
media. Capacitance is slightly reduced at higher pH probably because of the lower
capacitance observed for carbon nanomaterials at pH > 4.5. Among the different pH’s, 5.5
seems the most effective in increasing the pseudo-capacitance of the electrode. A capacitance
value of 50 F g™* was obtained representing a 5 time increase in the energy storage capacity of
the CB/CNT/MnQO, NT fibres. On the other hand, the GCD curves (Fig. 8B) for the
CB/CNT/MnO, NT fibres show a voltage drop (0.1 V) that is slightly higher than those
obtained for the CB/CNT fibres because of the low conductivity of MnO, nanotubes.
Moreover, an asymmetry between the charge and discharge curves is observed which is
attributed to the presence of the pseudocapacitive MnQO, according to the literature [48,49].
All GCD curves showed asymmetry independently of the dispersion pH. The coulombic
efficiency in the CB/CNT/MnO, NT electrodes is higher (70%) than that found for the
carbon-based supercapacitor device and similar to those published [49,50].

These results may seem contradictory to the previously optimized experiments for CB/CNT
fibres where the optimum pH was 1.5 to get the best capacitance value. However, the
reduction in the CB/CNT/MnO, NT fibre capacitance because of the increase of pH to 5.5 is
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not very relevant. According to the results previously shown, CB has the highest reduction in
capacitance when pH increased from 1.5 to 5.5 compared to CNT. However, CB represents
only 2-5 % (depending on the MnO; concentration range) of the total content of the
functional materials in the fibres. This small amount does not significantly affect the total
capacitance of the fibre. As a result, the fibres containing MnO, showed the best capacitance
values with a 25-fold increment regarding CB/CNT fibres. Based on these results, we would
like to remark that the fibre functional nanomaterials have different roles. Meanwhile carbon
nanomaterials confer electrical conductivity to the fibre, birnessite MnO, is the energy
storage material. At this point, we checked that the electrical conductivity of CB/CNT fibres
did not change with the dispersion pH in the range 1.5-5.5, as it could hinder the
electrochemical properties of the composite fibre electrode.

Fig. 8C,D shows the CV curves at a scan rate of 100 mV s™ from 0.0 to 0.8 V vs Ag/AgCl
reference electrode at different pH values. In all the pH range studied, non-quasi rectangular
and symmetric CV curves without redox peaks are recorded indicating typical
pseudocapacitive behaviour of birnessite MnO, nanotubes and good reversibility during the
energy storage process [5]. Moreover, the deviation from the ideal CV curves is observed, the
curves becoming less ideal as the pH decreases (Fig. 8C) because some parts of the MnO, NT
can be dissolved in acidic dispersions causing the loss of the active material and therefore
lower capacitance [44,51]. Thus, the enclosed areas of CV curves are smaller at more acid
pH. On the other hand, when the scan rate was increased the cyclic voltammetries were also
less ideal and deviated from the horizontal (Fig. 8D). The supercapacitive behaviour of
birnessite is dependent on the electrolyte ions insertion/deinsertion into the fibre which is a
diffusion-controlled process. At low scan rates the diffusion process is able to take place into
almost all the available pores. However, at higher scan rates this interaction is decreased as a
lower number of ions approach the electrode surface with very little interaction, causing a
deviation from the ideal rectangular shape and also angling of the CV curve away from the
horizontal [52,53]. The lower electrical resistance of CB/CNT/MnO, NT fibres compared to
the carbon-based fibres could also contribute to the deviation from the rectangular shape. It is
also worthy to mention that all the curves are symmetric indicating good reversibility even at
the higher scan rates.

After that, we modified the content of birnessite-MnO; nanotubes into the fibres. To do so,
we prepared dispersions containing MnO, NT in the range 0.2 to 0.4% (keeping the carbon

nanomaterials content at 0.1 wt.%) at pH = 5.5. SEM images of the cross-sections reveal the
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higher amount of MnO, NT into the fibre as the content into the dispersion was increased.
Rough corrugated surfaces were again obtained. We first used galvanostatic charge-discharge
measurements to assess the electrochemical performance of the fibres as electrodes for
energy storage devices. Figure 9A shows that the capacitance peaked at 0.2 wt.% MnO, NT
concentration. A capacitance value of around 247 F g™ (considering the total mass of the
fibre) was obtained, representing a 25-fold increment regarding CB/CNT based fibres. The
reversible redox reactions occurring between the MnO; on the electrode and the ions in the
electrolyte allow Faradaic charge transfer to take place. The mechanism is based on the

adsorption/desorption of alkali metal cations into/from MnO,:

(MnOZ)surface +M+e = (MnOZ—M+)surface

with a simultaneous redox reaction between Mn(lll) and Mn(l1V) [22]. Therefore, the
observed increase in capacitance is attributed to both the high specific capacitance of the
birnessite phase and its tubular morphology with higher surface area. Moreover, the swelling
of the chitosan shell and the good electrical conductivity of the CB/CNT network facilitate
the electron transport within the fibre and enhance the electrochemical utilization of MnO,.
However, higher contents of MnO, nanotubes lead to a decrease in the specific capacitance
due to the low electrically conductive nature of manganese oxides. Again, differences in the
symmetry of the charge discharge curves were observed and due to the presence of the

pseudocapacitive nature of birnessite MnO,.

On the other hand, the CV curves of the fibres containing different amounts of MnO, NT are
shown in Fig. 9B. Again, cyclic voltammograms are non-quasi rectangular and symmetric
indicating the presence of a pseudocapacitive material and a good reversibility of the ions
insertion/deinsertion process. On the other hand, the areas under the curves for the different
MnO, NT compositions are ordered as follow: 0.2wt.% > 0.3 wt.% > 0.1 wt.% > 0.4 wt.%,

which agrees with the capacitance values obtained by charge/discharge measurements.

GCD experiments were also carried out at various current densities for the fibre showing the
highest specific capacitance (Fig. 9C). An initial drop in the specific capacitance was
observed as the current density was increased to 2 A g™, becoming less significant at higher
current densities. At such high current densities, the ions are not allowed to diffuse and being
able to access as much of the pore structure, resulting in a lower electrochemical surface area

and hence lower capacitance. However, even when the current was increased by a factor of
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20, around 60% of the initial capacitance was maintained, indicating a good rate capability of
the fibres. It is important to highlight that a specific capacitance of almost 250 F g was
obtained at low discharge current density (0.5 A g™*). This value is particularly high for fibre-
based electrodes pointing towards a promising supercapacitor electrode material.

Finally, cycle life time was performed as it is another key factor for practical applications. An
initial drop in specific capacitance was observed for the first 50 cycles (Fig. 9D) after which
time it reaches a plateau, exhibiting a capacitance retention value of around 86% over 5000
cycles. This means that the fibres show excellent cyclability together with high capacitance
values. Both are similar to those published for composite fibre electrodes obtained under

more complex procedures.

From all these results, we can confirm that all the materials selected show a specific role
within the fibre: (i) CB and CNT form an electrically conductive network resulting in a
effective electron pathway for the full utilization of MnO, NT, (ii) chitosan polymer, apart
from being the matrix of the composite fibre, swells in the aqueous electrolyte favoring its
access towards the manganese dioxide surface, (iii) birnessite MnO, nanotubes show high
specific capacitance at a low specific surface area due to the thinness of birnessite platelets
allowing access to almost all of the bulk MnO,. Therefore, an effective new strategy — wet-
spinning of composite fibres in a single step — for electrode fabrication has been successfully
tested.

4. Conclusions

In summary, we have successfully wet-spun fibres based on carbon nanomaterials and
birnessite MnO, nanotubes with high electrochemical performance for supercapacitor
applications. All the materials were meticulously selected according to their properties. The
type of carbon nanomaterial and the dispersion conditions (pH, nanomaterial concentration
and dispersant/carbon nanomaterial ratio) greatly affect the electrochemical performance of
the fibres. Moreover, the mixture of 10% CB and 90% CNT leads to fibres with improved
electrochemical characteristics because a better electrical connection between CNT exists due
to the bridging role of CB. These fibres were assembled into a solid-state supercapacitor
showing good electrochemical performance, in both straight and bent states. The

incorporation of MnO, NT into the electrically conductive and swellable CB/CNT fibres
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improved the capacitance by 25 times due to the high specific capacitance of the birnessite
phase and its tubular morphology with higher surface area. Moreover, CB/CNT/MnO, NT
showed good long term cyclability (87%). Thus, the selection of the materials and the
technique are very important for real technological applications.
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Figure Captions

Figure 1. Influence of pH and SDBS/carbon NM ratio on the cyclic voltammetry of carbon
black (A,C) and carbon nanotube (B,D) fibres. Scan rate: 100 mV s™. Electrolyte: PBS 0.01

mol dm.

Figure 2. Low and high magnified cross-section SEM images of CB/CNT fibres with
different compositions: (A,E) 100% CB, (B,F) 70% CB/30% CNT, (C,G) 30% CB/70%
CNT, (D,H) 100% CNT.

Figure 3. Variation of the electrical conductivity with fibre composition.

Figure 4. (A) Cyclic voltammetries (Scan rate: 100 mV s™. Electrolyte: PBS 0.01 mol dm™),
(B) galvanostatic charge-discharge curves (Applied intensity: 0.5 A g™. Electrolyte: KCI 0.5
mol dm™ and (C) Variation of capacitance and capacitance retention with fibre composition.

Figure 5. Picture and SEM image of the solid-state supercapacitor using 10% CB/90% CNT
fibres. Cyclic voltammograms and GCD curves of the solid-state supercapacitor while

straight and bent.

Figure 6. SEM images of (A) surface and (B-D) cross-sections of CB/CNT/MnO;, NT fibres.

Figure 7. (A) Cross-section SEM image and corresponding EDS mapping of carbon,
manganese and oxygen for the CB/CNT/MnO;, NT fibres. (B) Raman spectra of CB/CNT
(curve a) and CB/CNT/MnO;, NT (curve b) fibres.
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Figure 8. (A) Variation of CB/CNT/MnO, NT fibre capacitance with dispersion pH. The
content of MnO, NT in the dispersion is 0.1 wt.%. (B) Galvanostatic charge discharge curves
for the same fibres at pH=5.5. Electrolyte: 0.5 mol dm™ KCI. Applied intensity: 0.5 A g™. (C)
Cyclic voltammetries from the CB/CNT/MnO; NT fibres prepared at different dispersion
pH’s. Scan rate: 100 mV s™. Electrolyte: PBS 0.01 mol dm™. (D) Cyclic voltammetries from
the CB/CNT/MnO, NT fibres (dispersion pH=5.5) at different scan rates. Electrolyte: PBS
0.01 mol dm™.

Figure 9. (A) Variation of CB/CNT/MnO, NT fibre capacitance with dispersion MnO, NT
concentration. (B) Cyclic voltammetries from CB/CNT/MnO, NT fibres containing variable
amounts of MnO, NT. Scan rate: 100 mV s™. Electrolyte: PBS 0.01 mol dm™. (C) Variation
of capacitance with applied intensity and (D) Cycling stability performance of
CB/CNT/MnO; NT fibres containing 0.2 wt.% MnO, NT over 5000 cycles. Electrolyte: 0.1
mol dm™ KCI. Applied intensity: 2 A g™.



OCoO~NOUITAWNE

Current density (A

Current density (A/g)

0.20 -
0.15 1

0.10
0.05
0.00
-0.05
-0.10
-0.15

0.25 -

0.20
0.15
0.10
0.05
0.00
-0.05
-0.10
-0.15
-0.20

CB fibres —mm —_—ee  CNT fibres

Influence of pH

0.7
(A) B
| <
e > 03
J o — ®
E = =/ —pH=15 § 01
H— —pH=2.5 € -0.1
| —pH=3.5 2 03
—pH=4.5 3
T T 1 -0.5 - - .
0 0.3 0.6 0.9 0 0.3 0.6 0.9
E (V vs Ag/AgCl) E (V vs Ag/AgCl)
Influence of SDBS/carbon NM ratio
0.70 -
](© . (D)
> | > 0.50 -
. 3 :
. - 2 0.30 - /”‘A‘If_,/,./'
1 / ; g 0104 /7
i /—0.25wtth (Ratio:0.5) O /
i / ) & -0.10 —0.1 wt% (Ratio:1)
/| —05wth (Ratior1) & N
4 ——y /7/// BN (REGE6) 5 -0.30 —0.15 wt% (Ratio:1.5)
. S—— . (&] —0.2 wt% (Ratio:2)
: : —1 wt% (lRatlo.Z) _050 . . Y
0 0.3 0.6 0.9 0 0.3 0.6 0.9
E (V vs Ag/AgCl) E (V vs Ag/AgClI)
Figure 1



OCoO~NOUITAWNE

Figure 2



OCoO~NOUITAWNE

Electrical Conductivity

(S cm™)

—
O w o w©ON O

(- |

0

10 3p 50 70 o
wt.% CNT

Figure 3

100



©CO~NOOOTA~AWNPE

E (V vs Ag/AgCl)

e o o

o N » o

Fibre | Fibre llI Fibre IV Fibre VI Fibre VI
2 2 2 2~
1.6 16 16 16 J{
1.2 1.2 1.2 12
0.8 0.8 0.8 0.8
0.4 0.4 0.4 04
—— [] 0 0 0-{ C:j
04 04 04 0.4
08 038 08 038 J
. 4.2 4+ 1.2 4 4.2 + 1.2 4
0.1 0.2 0.5 0.8 0.1 0.2 0.5 0.8 0.1 0.2 0.5 0.8 0.1 0.2 0.5 0.8 0.1 0.2 0.5 0.8
E (V vs Ag/AgCl) E (V vs Ag/AgCI) E (V vs Ag/AgCl) E (V vs Ag/AgCl) E (V vs AgiAgCl)
Fibre | Fibre Il Fibre IV Fibre VI Fibre Vil
0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6
0.4 0.4 0.4 0.4
0.2 0.2 0.2 0.2
0+ 0+ [] 0+
0 10 20 30 0 10 20 0 10 20 40 0 10 20 30 0 10 20 30
Time (s) Time (s) Time (s) Time (s) Time (s)
(€)
12 4 100
—~ 104 0 2
< 80 P
o o
L 8- 0 =
8 / 60 g
8 67 50 5
- Q
§ 44 40 g
] 30 5
2 5 20 S
-]
10 o

o

0

0 10 20 30 40 50 60 70 80 90 100
wt.% CNT

Figure 4



OCoO~NOUITAWNE

Intensity (A)

4.0E-05
3.0E-05 -
2.0E-05 -
1.0E-05 -
0.0E+00 -

-1.0E-05 {/

-2.0E-05

—Straight

{\Bent

-3.0E-05
0

0'.3 0:6
E (V vs Ag/AgCl)

3
3
<
g
&
w
0.9
Figure 5

—Straight

{\Bent

5

Time (s)

10

15



OCoO~NOUITAWNE




©CO~NOOOTA~AWNPE

(B)

Intensity (a.u.)

(a)

YA

3200 2800 2400 2000 1600 1200 800
Raman shift (cm™)

Figure 7

400



©CO~NOOOTA~AWNPE

Specific Capacitance (F g)

Current density (A g)

60 - 0.9 -
50, 0.8 -
8 0.7
40 - 2 0.6
D 0.5 4
30 - <
0 0.4 -
20 > 0.3 -
10 w 0.2 1
0.1 -
0 T T T T 1 o Ll L) T L) T T
2 3 4 5 6 7 0 200 400 600 800 1000 1200
pH Time (s)
(A) (B)
1.8 - 2.0 -
1-2 A ":.; 1.5 b
<« 1.0 1
0.6 - > 05
(72}
0.0 - = < 0.0 -
—pH=S g —100 mVs
06 pH=35 & 0.5 —50 mVis
—pH=45 & -1.0 A —25mVis
- . =]
1.2 —pH=55 O 1.5 - 10 mVis
—5mV/s
‘1-8 T T T T T '2.0 T T T T
0 0.2 04 0.6 0.8 0 0.2 04 0.6 0.8
E (V vs Ag/AgCl) E (V vs Ag/AgCl)

(€) (D)

Figure 8



©CO~NOOOTA~AWNPE

Capacitance (F g)

Capcaitance (F g™)

300
250
200
150
100

50

300
250
200
150
100

50

4.0 -
3.0 -
2.0 -
1.0 -
0.0 1
-1.0 -

-2.0 1
-3.0 ~—0.4 wt.%

Current density (A g)

1 -4.0

0

—0.1 wt.%
—0.2wt.%
0.3 wt.%

0.1 0.2 03 04 0.5 0 0.2 0.4 0.6 0.8

MnO, NT concentration (wt.%)

(A)

—110

n (%
—

[T e BN~ B =
ocowvgoom
1

E (V vs Ag/AgCl)

(B)

&
1
| |
n
]
n
| |
| |
| |
| |

OO NN
oo wm
| —

2 4 6 8 10
Current density (A g)

(€)
Figure 9

Capacitance retentio
(o]
o

0 1000 2000 3000 4000 5000
Cycle number

(D)



	One-step  cs
	One-step wet-spinning process pdf



